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Cell movement is the central mechanism for animal morphogenesis. Plant cell development rather relies on
flexible alignment of cell axis adjusting cellular differentiation to directional cues. As central input, vectorial
fields of mechanical stress and gradients of the phytohormone auxin have been discussed. In tissue contexts,
mechanical and chemical signals will always act in concert; experimentally it is difficult to dissect their
individual roles. We have designed a novel approach, based on cells, where directionality has been
eliminated by removal of the cell wall. We impose a new axis using a microfluidic set-up to generate auxin
gradients. Rectangular microvessels are integrated orthogonally with the gradient. Cells in these
microvessels align their new axis with microvessel geometry before touching the wall. Auxin efflux is
necessary for this touch-independent geometry exploration and we suggest a model, where auxin gradients
can be used to align cell axis in tissues with minimized mechanical tensions.
P
lant morphogenesis cannot rely on cell movement, because plant cells are encased by a cellulosic wall.
Therefore, plants use a flexible alignment of their cell axis as major mechanism for morphogenetic changes.
As they face a hypotonic environment, they expand by uptake of water and are pressed against the cell wall.
This so called turgor pressure can accumulate to considerable tissue tensions, which on the one hand can be used
as signal for integration of the body plan (for review see 1), but on the other have to be minimized in order to
ensure tissue stability. A simple and elegant mechanism to release mechanical tension would be to orient cell axis
with respect to force. In fact, the compression of plant cells in tissue culture aligns the new cell plates with the force
vector2.
Phyllotaxis has been intensively studied as a model for morphogenetic responses through axis adjustment. In
the growing meristem, new leaf primordia are laid down in a certain distance from preexisting leaves, leading to
characteristic patterns that are under genetic control. This phenomenon has long been explained on a biophysical
base: the older primordia would, due to increase tissue tension, suppress the formation of new primordia in their
neighborhood. On the base of this mechanism, the position of incipient primordia could be predicted by the
modeled stress-strain patterns (for a classical review see 3). This biophysical explanation was supported by work,
where local release of tension using beads coated with extensin, a protein that softens the cell-wall, inverted the
phyllotactic pattern4. Moreover, in-vivo imaging of GFP-tagged microtubules (as early readout of cell axis
adjustment), in combination with ablation of meristem layers produced responses that were matched by
stress-strain modeling5. However, there exist concurrent models, where the preexisting primordia drain their
neighborhood from diffusible auxin such that no further primordia can be initiated6. This chemical model is
supported by experiments, where apical meristems had been freed from any primordia by treatment with
inhibitors of auxin transport, such that it was possible to generate and manipulate de-novo patterns of phyllotaxis
by local application of either auxin or auxin-transport inhibitors7. The central player in the chemical model is the
auxin-efflux regulator PIN1, although the observation of a residual pattern in the pin1 mutant suggests that
additional factors participate in patterning8. A temporal separation between induction and manifestation of
directionality has also been found for the Fucus zygote25. The Fucus system has been for long time the best
understood model for polarity induction, but it illustrates the general feature of symmetry break, although the
phaeophycean algae do not fall into the ancestral line of terrestrial plants and therefore probably have developed
polarity induction by convergent evolution.
The phyllotaxis case shows exemplarily that mechanical and chemical signals probably act in concert on the
adjustment of cell axis. This calls for systems that are simpler than a multilayered tissue, such that these signals can
be investigated separately. This consideration motivated us to design a system, where generation of axis and
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polarity by removal of the cell wall in tobacco BY-2 cells, and then
triggered the formation of a new axis and polarity9. By fluorescently
tagged transgenic marker lines we could follow the behavior and the
role of the cytoskeleton during this phenomenon. Using anti-
cytoskeletal compounds, as well as inducible expression of actin-
bundling proteins, we showed that a dynamic population of actin
was necessary for cell polarity, whereas cell axis was dependent on
microtubules.
In the current work, we integrate this tabula-rasa approach into a
microfluidic platform10, which provides directional chemical cues by
the flow of auxin-containing medium through the system and mech-
anical cues by the preformed geometries of the rectangular micro-
vessels. Based on this approach, we observe that a new cell axis aligns
with the geometry of the microvessel before the cell touches the wall,
i.e. before there is a mechanical input. To get insight into the under-
lying mechanism, we interfered either by providing a perpendicular
flux of auxin, or by inhibition of auxin efflux through the specific
inhibitor 1-N-naphthyl-phthalamic acid (NPA). The results support
a model, where plant cells use auxin efflux to explore the geometry of
their environment and to align their axis at an early stage such that
during subsequent expansion the mechanical tension in the tissues is
minimized.
Results
A microfluidic system to study plant axis formation de novo. To
impose chemical or mechanical cues to the regenerating protoplasts,
a microfluidic system was designed. It consisted a Y-shaped channel
allowing for influx of medium and rectangular microvessels inserted
into the bottom of the channel such that the long axis of the micro-
vessel was oriented perpendicular with the flow of medium (Fig. 1A).
To accommodate the technical prerequisites- like the accessibility for
microscopic inspection, the suppression of protoplast floating, the
homogeneity of the microvessels, sterility, the exclusion of template
autofluorescence and leakage- with the biological requirements
(sufficient supply of nutrients, high viability), the fabrication
strategy, material, size and depth of vessels as well as width and
depth of the channel, furthermore the speed of flow and the visco-
sity of the medium had to be adjusted during lengthy preparatory
experiments. This optimization procedure led to a system, where
around 90% of loaded protoplasts were found viable even after 7
days of culture in the microvessels. These protoplast passed
through the characteristic sequence of axis formation (Fig. 1B)
starting from a spherical protoplast (stage 0), over a radial sym-
metric cell with a cell wall that can be fluorescently stained by
Calcofluor (stage 1), followed by a break of radial symmetry and
appearance of axiality (stage 2), and eventually, directional cell
expansion (stage 3). Only 12% of the cells did not regenerate a wall
and remained arrested in stage 0, although maintaining viability.
Although this fraction of non-regenerating cells is higher than the
5–7% found for axis regeneration outside a microfluidics environ-
ment9, the fact that almost 90% of viable cells underwent normal axis
formation shows that conditions have been tuned close to the
technically possible optimum.
Cell axis aligns with vessel geometry before touching the wall. For
the majority of regenerating protoplasts, the cell axis aligned with the
Figure 1 | Microfluidic chamber for regeneration of protoplasts in microvessels. (A) Design of channel and microvessels and representative images of
microvessels prior to (left) and subsequent to (right) filling with protoplasts. (B) Representative images for different stages of protoplast regeneration
following the classification given in (9). Stage 0 (days 0–1) protoplast with central nucleus, from which numerous fine cytoplasmic strands emanate,
nuclear position is vividly changing during that stage (days 0–1), stage 1 (around day 1) symmetrical cell with central nucleus apparently tethered to few,
massive strands, a cellulosic wall is present at this stage and can be labelled by Calcofluor White, stage 2 (around day 2) first appearance of axiality manifest
as ovoid shape, stage 3 (from day 3) rapid cell expansion parallel to this axis.
www.nature.com/scientificreports
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longer axis of the rectangular micro-vessel, subsequently termed as
‘‘longitudinal orientation’’ (Fig. 2A). Only a smaller fraction
produced an axis parallel with the shorter axis of the chamber,
subsequently termed as ‘‘transverse orientation’’ (Fig. 2B). When
these transversely oriented cells touched the wall of the micro-
vessel, they progressively tilted over an oblique intermediate state
(Fig. 2C) into a longitudinal orientation, such that the fraction of
these cells further drops between day 4, when most of the transversely
oriented cells touched the wall, and day 7 (Fig. 2D). Interestingly, the
majority of cells that were correctly aligned with the microvessel axis,
expressed this axis long before touching the wall (Fig. 2F).
Cell axis alignment can be blocked by NPA. To gain insight into the
cellular mechanisms underlying axis alignment, the regeneration of
protoplasts was followed under the same conditions, but adding a
low concentration (1 mM) of the phytotropin 1-naphthyl phthalamic
Figure 2 | Cell axis aligns with vessel geometry before touching the wall. (A–C) different orientations of cell axis with respect to microvessel geometry:
(A) longitudinal, (B) transverse, (C) cell during tilting from transverse to longitudinal orientation. (D), (E) Temporal change in the incidence of
longitudinal (squares) and transverse (triangles) cells, as well as protoplasts that have not initiated regeneration (stage 0, diamonds) under control
conditions (D) or in presence of 1 mM of the auxin efflux inhibitor 1-N-Napthylphthalamic acid (NPA, E). Data represent average values and standard
errors from three independent biological replicas. Brackets represent statistical significance of the indicated differences as tested by a paired, two-sided t-
test (* P , 5%, ** P , 1%). (F) Representative image for the longitudinal alignment of cell in stage 2 that is aligned prior to touching the wall of the
microvessel.
www.nature.com/scientificreports
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acid (NPA) to the microfluidic stream. This concentration was based
on a previous study, where already 3 mM of NPA were sufficient to
block division synchrony between the individual cells of a file11. We
observed that the alignment of the regenerating cell axis with the
chamber geometry initiating at day 3 under control conditions
(Fig. 2D), was eliminated in presence of NPA at day 4 (Fig. 2E),
when the majority of cells had already touched the wall. Only at
day 7, a slight preponderance of longitudinal (45%) over transverse
(40%) alignment became detectable. This is produced by cells that
had tilted their orientation after being squeezed against the side walls.
Thus, the alignment of cell axis is blocked by low concentrations of
NPA, a compound that specifically inhibits auxin-efflux carriers.
Geometrical alignment can be overrun by a flux of NAA, but not
by 2,4-D. In the next step we imposed a gradient of the artificial
stable auxins 1-naphthalene acetic acid (NAA) and 2,4-
dichlorophenoxyacetic acid (2,4-D) that differ with respect to their
transport properties12,13: NAA is efficiently transported through the
efflux carrier blocked by NPA, 2,4-D is transported only poorly. To
exclude potential influence of shear forces, the gradient was
administered through mere diffusion by adding 2 ml of auxin to
one of the inlets and stopping the flow after it has been taken up
into the channel. Due to the fact that, so far, no method is available
that would allow to measure the local concentration of auxin, we had
to rely on mathematical calculation. Thus, the spread of the gradient
and its subsequent dissipation was calculated based on the
parameters of the microfluidic device (Fig. 3B). Since the diffusion
coefficients for NAA and 2,4-D are very similar, the result was almost
identical. The gradient of auxin along the channel was predicted to be
maximal at half a day after loading and to decay subsequently.
Directly after loading, the front of auxin was estimated to be
around 5 mm upstream of the first row of microvessels, i.e. 7 mm
downstream of the joint, such that transverse gradients of auxin were
negligible. When the response of the cells to a gradient of NAA was
screened, a marked difference along the channel was observed
(Fig. 3A): Close to the inlet, at the anterior end of the channel, the
majority of cells aligned transversely, i.e. parallel with the short axis
of the channel. In contrast, at the posterior channel end, most cells
aligned longitudinally, i.e. parallel with the long axis of the channel.
Due to this difference in orientation, the cells near the inlet were
rounder, whereas the cells near the outlet appeared more elongate.
In the central regions of the channel, cells developed discrepant
alignments, where an originally transverse axis was overlaid by
subsequent alignment in longitudinal orientation. Thus, the cells
oriented parallel to the NAA gradient in the upstream regions of
the microfluidic channel, whereas in the downstream regions the
geometry of the microvessel dominated. To quantify this response,
the channel was subdivided into four areas from A, most upstream,
to D, most downstream, and the frequencies of transverse versus
longitudinal alignment were scored over time (Figs. 4A, B). There
was a clear gradient in the frequency of transverse alignment with
higher incidences in area A and a steady decrease over areas B and C
to minimal values in the downstream area D. This gradient was
detectable from day 3 on and became more prominent reaching
55% in area A and over 38% in area D, if scored at day 7.
Conversely, the frequency of longitudinal alignments increased
from the upstream area A (42%) to the downstream area D (52%).
The frequency of non-regenerating protoplasts arrested in stage 0
was lower than 10% throughout. The comparison with the control
values in the absence of additional auxin (Fig. 4E, Supplementary
Information), shows clearly that the geometrical alignment was
strongly reduced in presence of an auxin gradient even in the most
remote area D. In the most upstream area A, geometrical alignment
was even overrun by the effect of the auxin gradient. For comparison
we repeated the same set-up replacing NAA by 2,4-D (Figs. 4C, D).
Again, there was a gradient of geometrical alignment with a
progressive dominance of longitudinal over transverse orientation
from areas A over B, C till area D. However, the reduction of this
geometrical alignment by 2,4-D was less pronounced and was not
able to overrun the geometrical alignment, in contrast to NAA. Thus,
although both artificial auxins could weaken the impact of
microvessel geometry, the effect of a gradient of NAA was stronger
and even able to override the impact of geometry, whereas the effect
of 2,4-D was more limited to a reduction of geometrical alignment.
Discussion
A technical ‘‘tissue’’ allows to separate mechanical from chemical
cues. Plant cells process chemical and mechanical cues for alignment
of their axis of growth and division to minimize mechanical tensions
in the turgescent tissue. As illustrated by the phyllotaxis model, the
individual roles of these cues are difficult to be separated in the
complex context of organs and even tissues. This was the motivation
for our strategy to mimic both cues by a technical simulation of a
plant tissue. Here, the chemical cue, auxin flux, was administered as
microfluidic gradient, whereas the directional mechanical cue was
achieved by rectangular microvessels of a size that corresponds to the
dimensions set by cell walls in a natural tissue. Plant protoplasts as
symmetrical cells that had been stripped from their innate direction-
ality by digestion of the cell wall were integrated into this technical
framework. Although the idea of a biomimetic array of ‘‘artificial
cells’’ that are arranged in a flow of a chemical signal may seem
straightforward, the technical realization of this approach was far
from trivial. A long preparatory phase was required to reconcile
the technical with the biological requirements and to establish a
system that could be handled. The system was preserving biological
functionality and at the same time allowed for a high degree of
reproducibility. Biomimetic microfluidic devices inspired by plant
tissues have been generated previously by parallel channel networks
embedded in a polymeric material layer and used to investigate the
optimal pattern for maximal flow in order to understand the bio-
physical constraints shaping venation patterns in real leaves14, or by
generating a microfluidic system in a hydrogel to study biophysical
aspects of transpiration15. However, these approaches remained
merely technical and did not integrate cells. There are two reports,
where plant cells- protoplasts from tobacco leaves- have been kept
alive in a microfluidic channel over several days16,17 – however, in
both cases, cells were floating freely in a large compartment of
around 1 mm width without any possibility to administer directional
cues to the regenerating protoplasts. In contrast, the system
described in the current work successfully integrates living, devel-
oping plant cells into a technical realization of a tissue, where either
mechanical or chemical cues can convey directional information. To
our knowledge, this represents the first example, where this has been
achieved for plant cells.
In our previous work, we have followed the role of the cytoskeleton
for the symmetry break in the regenerating protoplast9. Interestingly,
the first phase of regeneration is characterized by extensive nuclear
movements. Only when the nucleus has been positioned to the cell
center during a long preparatory phase that usually lasts an entire
day, the symmetrical cell produces a new cell wall, which is a rapid
process completed in a few minutes. This walled cell is still perfectly
symmetric and only following that stage symmetry break, observed
by alignment of actin in a gradient followed by microtubular align-
ment perpendicular to this gradient. This scenario supports a model,
where mechanical constraints of the cell wall are used as spatial input
for cytoskeletal reorganization similar to phyllotaxis in the devel-
oping apical meristem5. Our observation that the cells align with
the longer chamber axis, are congruent with this model. However,
a closer look revealed that the alignment with the longer chamber
axis became evident, before the cells were touching the wall, i.e.
before there was any mechanic input from pressure of the expanding
cell against a mechanic constraint. This indicates that the cells use a
www.nature.com/scientificreports
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non-mechanical signal to explore the geometry of the surrounding
space. This signal might be auxin. We tested this idea by the inhibi-
tion of auxin efflux by the well established and specific inhibitor
NPA18. In fact, we observed that the alignment of cell axis with the
longer chamber axis was lost in presence of NPA. We arrive at a
model, where the expanding protoplasts use auxin efflux into their
environment to explore the geometry of their environment and sub-
sequently use differences in the local concentration of auxin to align
their axis such that during later expansion the resulting mechanical
tension will be minimized. Whether the explorative signal is auxin
itself, or whether, alternatively, a signal that interferes with auxin
passage through the membrane (an interesting candidate would be
apoplastic protons) will be a topic for future experiments.
The discovery of auxin-dependent alignment leads to question on
the nature of the input. Principally, the cells might respond to the
local concentration of auxin at the different flanks of the regenerating
Figure 3 | Longitudinal gradients of auxins interfere with geometrical alignment. (A) Set-up of the experiment: the artificial stable auxins 1-naphthalene
acetic acid (NAA), or 2,4-dichlorophenoxyacetic acid (2,4-D), where administered to one of the inlets (8 ml, 1 mM) after filling the channel with
protoplasts. Flux through the channel was stopped, such that the applied auxin dissipated into the channel by diffusion. The resulting gradient was
calculated to become maximal around 0.5 days after application and to weaken subsequently slowly approaching a final concentration of around 0.2 mM
auxin. Cellular responses were observed and scored (Figure 4) in four domains (A–D) of the gradient as indicated in the figure. Representative images for
the cellular responses in these domains are shown for treatment with NAA. (B) Predicted temporal dynamics of the auxin gradient.
www.nature.com/scientificreports
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Figure 4 | Quantification of the interference by gradients of auxins with geometrical alignment. The incidence of longitudinal (grey bars) and transverse
(black bars) cells, as well as protoplasts that have not initiated regeneration (stage 0, light grey bars) in the different domains (A–D, see Figure 3) of a
gradient imposed by 1 mM of the artificial stable auxins 1-naphthalene acetic acid (NAA) (A, B), or 2,4-dichlorophenoxyacetic acid (2,4-D, C, D) at days 4
(A, C) and 7 (B, D) as compared to controls in the absence of auxins (E) assessed shown for the final time point (day 7). Data represent mean values and
standard errors of five independent biological replicas. Brackets represent statistical significance of the indicated differences as tested by a paired, two-
sided t-test (* P , 5%, ** P , 1%), the brackets labelled by D represent statistical significance for the difference between transverse and longitudinal
alignment in a given domain.
www.nature.com/scientificreports
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cell. Alternatively, they might respond to the flux of auxin that has
passed through them. The debate on these two models has been quite
controversial since Tsvi Sachs19 proposed that the auxin transported
through a given cell in the regenerating tissue will act as signal pro-
moting the capacity for polar auxin transport in a positive feedback
loop. This so-called auxin canalisation is seen as the core mechanism
for the flexible architectural self organisation of vascular land plants:
this mechanism will channel auxin flux in regenerating tissues into
distinct pathways that later will differentiate into vascular bundles
such that new organs as young leaf primordia or buds will be optim-
ally connected, but also interruptions by wounds inflicted onto the
pre-existing vasculature can be bypassed. Microscopical details of
fossil wood suggest that this canalisation has been used back to
400 mya ago20. A conceptual problem of this flux canalisation model
has been the need to explain, how a cell could measure the flux of
auxin (a ‘‘holistic feature’’). Therefore, alternative mechanisms have
been searched that would sense local concentrations of auxin as input
rather than fluxes of auxin through the cell21: The polarity of auxin
flux is brought about by a transcellular gradient in the activity of
auxin efflux carriers such as the PIN transporters. This gradient of
PIN activity has been shown to arise from a gradient in PIN cycling
between the plasma membrane and intracellular stores22. This cyc-
ling, in turn, depends on the concentration of auxin in the envir-
onment23, and on dynamic actin filaments that are remodelled in
response to auxin (for review see 24). When the cycling of PINs
would differ as a function of local auxin concentration, this would
explain in principle, why the cell axis aligns with auxin gradients and
would circumvent the need to sense fluxes of auxin. Since the gra-
dient is maximal at 0.5 d after loading and dissipates later, the induc-
tion of a cell axis in parallel to auxin is determined during the first day
of regeneration, which is consistent with experiments, where polarity
in regenerating BY-2 protoplasts was disturbed by inducible express-
ion of actin-bundling proteins at different time points9. Interestingly,
this axis becomes manifest only from 2 d later.
We wondered, whether our ‘‘artificial tissue’’ might contribute to
this debate and therefore administered a gradient of two artificial
auxins that differ with respect to their transport features: NAA is
transported in a polar manner very similar to the natural auxin IAA,
whereas 2,4-D is transported only very poorly12,13. The auxin gradient
was oriented perpendicular with the long axis of the microvessels,
and we asked, whether this gradient could affect or possibly overrun
the directional cues derived from microvessel geometry. For NAA,
this was exactly what we observed. In contrast, a gradient of 2,4-D
failed to overrun the effect of microvessel geometry. This indicates
that directional transport of a given auxin species promotes the
alignment of cell axis with the auxin gradient. Interestingly, NAA,
but not 2,4-D, was found to be effective in triggering the actin remod-
elling required to sustain polar auxin transport as shown for tobacco
BY-211 and rice coleoptiles26. There is a second argument in favour of
the auxin-flux mechanism: The local sensing mechanism predicts
that PIN transporters would accumulate at the sites of elevated auxin
concentration such that auxin is pumped up into local maxima21.
When the expanding protoplast approaches the wall of the micro-
chamber, this should cause a local increase of the secreted auxin in
the limited space between membrane and chamber wall, such that
PIN transporters would be expected to accumulate there. This should
result in axis alignment parallel to the shorter axis of the microcham-
ber – opposite to our observations. As experimental approach to
discriminate between different sensing mechanisms, the auxin-
reporter line DR5::GFP could be integrated into the gradient.
However, it should be kept in mind that gradients potentially visua-
lized by this reporter would not necessarily monitor local concentra-
tions of auxin, but the temporal integral of auxin-dependent
transcriptional activation. A further strategy would be to use 2-
NAA as well transportable, but biologically inactive analogue, as well
as other inhibitors such as CPD (l-(2-carboxyphenyl)-3-phenyl-pro-
pane-l,3-dione), PBA (1-pyrenoylbenzoic acid), Brefeldin A, or
TIBA (2,3,5-triiodobenzoic acid).
Conclusions and outlook. Using a microfluidic based technical
simulation of a tissue and regenerating protoplasts we investigated,
how plant cells adjust their axis in a way that resulting mechanical
tensions in the tissue will be minimized. We show that the
regenerating protoplast form a new axis in harmony with the
geometry of their environment. To explore geometry, they use
auxin as chemical cue, before facing constraints from physical
contact with the wall of the vessel (or, in real tissues, the
counterforce from a cell wall). This chemical sensing of geometry
requires auxin efflux with input from local auxin concentration. A
gradient of 2,4-D, although less efficient than NAA, can reduce to a
certain extent the input from microvessel geometry.
This system is of course still a very rough approximation of the
situation in a tissue, where local maxima and minima convey posi-
tional information. To further dissect supracellular versus intracel-
lular gradients, feeding of caged IAA and subsequent local release of
active auxin by means of micro irradiation would be promising27.
This can then be combined with transgenic cell lines, where either
cytoskeletal components9 or components of auxin transport and
signalling are visualized by fluorescent proteins.
Methods
Fabrication of the microfluidic device. The microchannels and microvessels were
fabricated in polydimethylsiloxane (PDMS) using soft lithography and replica
molding. A layer of photoresistant SU-8 2100 (MicroChem Corp., MA, US) was
patterned on a silicon wafer by photolithography, resulting in a positive relief patterns
of channels and a series of relief patterns of microvessels. For channels, a prepolymer
mixture of Sylgard 184 (Dow Corning, MI, US) was cast and cured against the positive
relief master to obtain a negative replica-molded piece. After curing for 2 h at 70uC,
the PDMS was peeled off the master, and inlets and outlets of the channel were
punched with a sharpened needle. For microvessels, a spin coater (1000 rpm, 10 s)
was used to cure a prepolymer mixture of Sylgard 184 (Dow Corning, MI, US) against
the positive relief master to obtain a negative replica-molded membrane. After curing
for 10 min at 70uC, the membrane was peeled off the master, and the upper surface
that had no pattern was adhered to glass. The patterned surfaces of channels and
microvessels were treated with oxygen plasma for 1 min with 50 mW, and,
subsequently, the microchannel was assembled on top of the microvessels to form an
integrated device. The dimensions of an individual microvessel were 72.8 6 1.36 mm
in length and 52.5 6 0.38 in width, the filled channel kept 9.5 ml in volume in total.
Plant material and protoplasts. The cell strain BY-2 (Nicotiana tabacum L. cv Bright
Yellow-2; 28) was cultivated as suspension in liquid medium containing 4.3 g/L
Murashige and Skoog (MS) salts (Duchefa Biochemie), 30 g/L sucrose, 200 mg/L
KH2PO4, 100/mg/L (myo)-inositol, 1 mg/L thiamine, and 0.2 mg/L 2,4-D, pH 5.8.
The cells were subcultivated weekly, inoculating 1.0 mL of stationary cells into fresh
medium (30 mL) in 100-mL Erlenmeyer flasks. The cells were incubated in darkness
at 27uC under constant shaking on a KS260 basic orbital shaker (IKA Labortechnik,
Germany) at 150 rpm. Protoplasts were generated as described in Zaban et al. (2013)
and regenerated in FMS store medium (4.3 g/L MS- salts, 100 mg/L (myo)-inositol,
0.5 mg/L nicotinic acid, 0.5 mg/L pyroxidine- HCl, 0.1 mg/L thiamin and 10 g/L
sucrose in 0.25 M mannitol complemented with 0.1 mg/L 1-naphthaleneacetic and
1 mg/L benzylaminopurin). For cellulose staining, Calcofluor White (0.1% w/v) was
directly added to the protoplast suspension29.
Charging and compartmentation of microchannels. The microchannels were fixed
onto a microscopic slide and filled with a micropipette with FMS store medium.
Subsequently, the microchannels were degased by generating a vacuum in an
exsiccator using a water- jet vacuum pump. 5 ml of protoplast suspension were filled
into the left inlet of the microchannel via a microfluidic pump (MS-CA 4/820,
Ismatec, Wertheim; Germany) by a slow flow (0.021 ml.h21). To generate auxin
gradients, the channel was loaded with cells, and then the flow stopped. Subsequently,
2 ml of 1 mM NAA or 2,4 D in FMS store medium were administered into the right
inlet such that a diffusion gradient developed along the axis of the channel. To score
the response, the channel was subdivided equally into 4 areas designated A to D, with
A located upstream in the gradient. The temporal dynamics of the auxin gradient was
calculated based on Fick’s second law in one dimension based on a diffusion
coefficient for NAA of 6.6?1026 cm2. sec21 30 and 7.98?1026 cm2. sec21 for 2,4-D31.
Microscopy and quantification of the response. After covering the loaded
microvessels with a coverslip, they were examined under an Axioskop microscope
(Zeiss, Jena, Germany), equipped with a 32x long distance objective (Zeiss Neofluar,
Jena, Germany), and a digital CCD camera (AxioCam MRm). The Calcofluor White
signal was recorded through the filter set 49 (excitation at 365 nm, beamsplitter at
www.nature.com/scientificreports
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395 nm, and emission at 445 nm; Zeiss, Jena, Germany). Images were processed and
analyzed using the AxioVision software (Rel. 4.8.2) (Zeiss, Jena, Germany). For the
viability assays, between 100–250 cells were observed per data point. Between 181–
350 cells were scored per data point for testing the geometry sensing of regenerating
protoplast, and the loss of geometry sensing by inhibition of auxin efflux (Fig. 2). For
the auxin-gradient analysis (Fig. 4) and cell geometry alterations by auxin gradient
62–186 cells were counted per area and time point, giving a total population of 408–
688 individual cells per time point.
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